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We studied the low-level interactions between motion coherence detection and binocular correlation detection. It is well-estab-
lished that e.g. depth information from motion parallax and from binocular disparities is eﬀectively integrated. The question we
aimed to answer is whether such interactions also exist at the very ﬁrst correlation level that both mechanisms might have in
common. First we quantitatively compared motion coherence detection and binocular correlation detection using similar stimuli
(random pixels arrays, RPAs) and the same noise masking paradigm (luminance signal to noise ratio, LSNR). This showed that
human observers are much more sensitive to motion than to binocular correlation. Adding noise therefore has a much stronger eﬀect
on binocular correlation than on motion detection.
Next we manipulated the shape of the stimulus aperture to equalize LSNR thresholds for motion and binocular correlation.
Motion sensitivity could be progressively reduced by shortening the length of the motion path, while keeping the aperture area
constant. Changing the shape of the aperture did not aﬀect binocular correlation sensitivity. A ‘balanced’ stimulus, one with equal
strengths of motion and binocular correlation signals was then used to study the mutual interactions. In accordance with previous
results, motion was found to greatly facilitate binocular correlation. Binocular correlation, however did not facilitate motion
detection. We conclude that interactions are asymmetrical; fronto-parallel motion is primarily detected monocularly and this
information can then be used to facilitate binocular correlation, but binocular correlation cannot improve motion sensitivity.
 2004 Elsevier Ltd. All rights reserved.1. Introduction
Both the detection of motion and stereopsis require
the pairing of corresponding visual elements. In the case
of motion, corresponding elements are shifted in posi-
tion over time. Binocular depth information consists of
the shifted position of corresponding elements in one eye
relative to the other. Finding the correct matches is of-
ten called the ‘correspondence problem’. Solving this
problem is a necessary step in both motion perception
and stereopsis. This step is far from trivial and can often
be solved only with the help of matching constraints,
reducing potential matches based on additional
assumptions. The analyses of motion and stereopsis not
only share a similar correlation problem, but they also
serve overlapping visual functions. Motion parallax is
an important cue for perceiving three-dimensional
structure, much like stereoscopic depth (Cumming &* Corresponding author. Tel.: +31-30-253-3294; fax: +31-30-254-
2219.
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doi:10.1016/j.visres.2004.03.013Parker, 1994; Hibbard & Bradshaw, 2002; Rogers &
Graham, 1982; Rogers & Collett, 1989). The overlap
becomes even more obvious for analyzing motion in
depth, which could be based on changing binocular
disparities over time, or on diﬀerences in motion vectors
between the two eyes (Regan, 1993; Regan & Beverley,
1979; Sumnall & Harris, 2000). One may therefore ex-
pect extensive interactions between motion detection
and binocular depth perception.
There are numerous indications that the visual anal-
ysis of motion and of stereopsis are indeed tightly
interconnected. Depth information from motion paral-
lax and from binocular disparity integrate into a single
depth percept (Bradshaw & Rogers, 1996; Cornilleau-
Peres & Droulez, 1993; Hibbard & Bradshaw, 2002;
Johnston, Cumming, & Landy, 1994; Landy, Maloney,
Johnston, & Young, 1995; Richards, 1985). Motion
adaptation inﬂuences the three-dimensional percept of
ambiguous rotations in depth (Nawrot & Blake, 1989,
1991a, 1991b). Binocular disparity diﬀerences prevent
global integration of motion aftereﬀects (Anstis &
Harris, 1974; Verstraten, Verlinde, Fredericksen, & van
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ample evidence for eﬃcient interaction of motion and
stereo-information. The physiological substrate for such
interactions is most probably a population of cells with
combined tuning to motion and binocular disparity
(Cumming & DeAngelis, 2001). Such cells have been
found in several cortical areas, including macaque MT
and MST (Bradley, Qian, & Andersen, 1995; Maunsell
& Van Essen, 1983a, 1983b; Roy, Komatsu, & Wurtz,
1992) and cat striate cortex (Anzai, Ohzawa, & Free-
man, 2001; Carney, Paradiso, & Freeman, 1989).
DeAngelis and coworkers (DeAngelis, Cumming, &
Newsome, 1998; DeAngelis & Newsome, 1999) studied
disparity selectivity in MT and showed good corre-
spondence of MT activity to performance in a depth
discrimination task, much like its role in motion per-
ception.
It remains unclear however at what level in the visual
analysis these interactions ﬁrst arise. Are motion and
binocular correlation ﬁrst detected separately and
independently, and then combined, or is the analysis
integrated from the start. In this paper we speciﬁcally
investigate to what extent interactions are present at the
very ﬁrst stages of coherence detection.
The question has partly been answered by previous
studies. It is now well documented that motion can serve
as a strong cue in binocular correlation detection.
Lankheet and Palmen (1998) studied segregation-in-
depth based on binocular disparities, and reported that
motion contrast greatly improves sensitivity for segre-
gation. Coherence thresholds dropped substantially
when disparity planes diﬀered in speed or direction of
motion. A similar conclusion was reported by van Ee
(2003) and van Ee and Anderson (2001). Bradshaw and
Cumming (1997) measured depth segregation thresholds
rather than coherence thresholds, for patterns in which
motion and binocular disparity information were either
correlated or uncorrelated. Although this task failed to
reveal a speed-eﬀect, opponent motion was highly
eﬀective in lowering depth segregation thresholds.
Whether binocular correlation also aﬀects motion
coherence thresholds is not clear yet. Carney (1997)
studied motion direction discrimination with stimuli
that only contained motion binocularly, not monocu-
larly. The stimuli consisted of a counterphase ﬂickering
grating in one eye, and the same pattern in spatio-
temporal quadrature in the other eye. Masking with a
static, in-phase pedestal grating removed higher level
feature tracking cues, but binocular motion detection
was still well above chance level. Although this experi-
ment showed that some kind of binocular motion
detection may be based on binocular disparities, it does
not reveal a general eﬀect of binocular correlation on
motion coherence detection. Several studies (Hibbard &
Bradshaw, 1999; Hibbard, Bradshaw, & DeBruyn,
1999; Snowden & Rossiter, 1999) addressed this prob-lem by measuring coherence thresholds for direction
discrimination with moving dots and masking noise
dots in diﬀerent depth planes. The paradigm was based
on the assumption that the eﬀectiveness of noise de-
pends on similarity in binocular disparity if motion
coherence detection is tuned for disparity. Although
Hibbard et al. found that global motion detection was
facilitated in case signal dots and noise dots were sep-
arated in depth, they suggested that this eﬀect probably
reﬂected the role of an attention based system. They
concluded that binocular disparity did not facilitate
motion direction discrimination. Snowden and Rossiter
(1999) on the other hand conclude that stereo disparity
can be used as a segmentation cue by the motion sys-
tem, as long as the image segregates into distinct per-
ceptual surfaces.
In the present study we were interested to ﬁnd out
whether binocular correlation as such, i.e., without
additional disparity information, improves global mo-
tion coherence detection. Hereto we compared motion
detection for patterns that were binocularly correlated at
zero disparity, to patterns that were binocularly uncor-
related. The question is do binocular motion detectors
facilitate motion coherence detection?
In a review on stereoscopic motion perception, Patt-
erson (1999) showed that the choice of stimulus
parameters inﬂuences the results quite strongly. The
same must hold for experiments studying the related
problem of the interaction of motion and binocular
correlation. Moreover, Bradshaw, Parton, and Glen-
nerster (2000) showed that combination of motion
parallax and binocular disparity information is highly
task dependent. One obvious problem that has to be
solved is to develop stimuli, tasks and procedures that
allow a quantitative comparison between motion direc-
tion discrimination and binocular correlation. Equaliz-
ing motion coherence information and strength of
binocular correlation in similar stimuli is a prerequisite
for studying the (a)symmetry of their mutual inter-
actions. If mutual interactions exist, the best situation to
compare them arises when motion detection and bin-
ocular correlation detection are both equally diﬃcult. In
this study we will ﬁrst quantitatively compare motion
and binocular correlation thresholds, using the same
kind of stimulus. Next, we test for mutual interactions
using stimuli with equalized motion and stereo-infor-
mation.
Binocular correlation and motion coherence detec-
tion can be studied speciﬁcally using random pixel pat-
terns as introduced by Julesz (1960, 1964), in
combination with a noise masking paradigm for mea-
suring coherence thresholds. By varying the ratio be-
tween the correlated stimulus and uncorrelated noise,
correlation detection thresholds can be measured, for
arbitrary settings of motion and stereo parameters. In
our experiments we use random pixel arrays (RPAs), in
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darker than the mean luminance. The noise consists of a
similar, incoherent RPA, that is luminance-added on a
pixel by pixel basis to the signal pattern. Thresholds are
quantiﬁed with luminance signal-to-noise ratio (LSNR)
values (van Doorn & Koenderink, 1982a, 1982b). The
contrast ratio of the signal pattern and masking noise
pattern is varied, while maintaining a constant lumi-
nance and mean rms contrast level. In a motion task the
patterns move rightward or leftward and can be binoc-
ularly correlated or uncorrelated. In a binocular corre-
lation task the observer has to discriminate a
binocularly correlated pattern from an uncorrelated
pattern, for patterns that are either moving or station-
ary. In all cases the same RPA patterns and LSNR
method are used to quantify coherence thresholds.
Pilot studies showed that binocular correlation dis-
crimination is more sensitive to noise masking than
motion detection. This means that motion dominates
the threshold for a combined stimulus to such an extent
that the inﬂuence of binocular correlation will, nor-
mally, not be noticeable. In order to balance the con-
tributions of both binocular correlation and motion, we
therefore made motion detection more diﬃcult. A ver-
tical bar-shaped aperture ﬁlled with horizontal motion
served this purpose. Shortening the motion path while
keeping the number of pixels constant increases the
LSNR-threshold (van Doorn & Koenderink, 1984). A
similar eﬀect has been reported by others (Gorea, 1985;
Verghese, Watamaniuk, McKee, & Grzywacz, 1999;
Vreven & Verghese, 2002; Watamaniuk, McKee, &
Grzywacz, 1995). This is a gradual eﬀect, which allowed
us to balance the thresholds for motion and binocular
correlation detection. The resulting design of the
experiments is as follows. In the ﬁrst experiment we
compare how motion detection, static binocular corre-
lation discrimination and dynamic binocular correlation
detection change as a function of the size of a square
aperture. The width in pixels equals the square-root of
the number of pixels in the stimulus and to the extent
that local signals are simply pooled we expect a linear
decrease of these thresholds with stimulus width. The
absolute levels of these thresholds at any of the numbers
of pixels per stimulus will tell us what diﬀerence we have
to bridge between motion detection and binocular cor-
relation detection. The ﬁrst experiment guided us in our
choice of the number of pixels to be used in subsequent
experiments. In the second experiment we then varied
the motion path length in a stimulus with a constant
surface area, which had a stronger inﬂuence on motion
detection than on static binocular correlation detection.
In this way we determined stimulus dimensions that
produced equal thresholds for both tasks. This ‘bal-
anced’ stimulus was then used in the third, and ﬁnal,
experiment to compare motion detection performance
for binocularly correlated and uncorrelated stimuli, andto compare binocular correlation detection performance
for stimuli with and without motion.2. Methods
2.1. Experimental setup
Stimuli consisted of binocular random pixel arrays
(RPAs) with 50% light and dark pixels, generated on
line by a custom-made hardware stimulus generator at a
refresh rate of 50 Hz, and a luminance resolution of 10
bits. Two monitors (Philips BM 7542/OOG) were
viewed through a Wheatstone stereoscope at a viewing
distance of 220 cm. The stereoscope mirrors were ad-
justed for each observer to obtain a fused image for
unstrained viewing. Each RPA consisted of 256 · 256
pixels, a single pixel measuring 0.96 · 0.96 min of arc.
The mean luminance of all stimuli was 50 cd/m2. The
stimulus generator allowed arbitrary manipulation of
size and shape of apertures through which RPAs were
seen, as well as the direction, speed and binocular dis-
parity of RPAs. An Apple Macintosh computer and
custom written software were used to control the stim-
ulus generator.
The masking noise that we used to measure motion
coherence thresholds and binocular correlation thresh-
olds was always spatio-temporally and binocularly un-
correlated. Updating of signal patterns and noise
patterns was always synchronized, to prevent segrega-
tion of signal and noise based on temporal diﬀerences
only. Stimuli in motion detection experiments con-
sisted of RPAs moving with a speed of 1 pixel per frame
(0.8/s). The patterns moved leftwards or rightwards
and could be binocularly correlated at zero disparity, or
uncorrelated. Dots moved coherently across the aper-
ture, without limitations to the dot life time. In all
experiments we used a two-interval two alternative
forced choice paradigm (2AFC). In the motion detection
task subjects had to indicate which of two subsequent
presentations contained motion. Stimuli for the binoc-
ular correlation detection task consisted of binocularly
correlated RPAs at zero disparity, or uncorrelated
RPAs. Signal patterns could either move or lack the
motion component (static patterns). In the binocular
correlation detection tasks subjects had to indicate
which of two subsequent presentations was binocularly
correlated. With some practice all subjects performed
the correlation task reliably and staircases (see later)
converged to a stable threshold. Binocularly uncorre-
lated stimuli were discriminated from correlated stimuli
based on the absence or presence of a fronto-parallel
plane at zero disparity. Binocularly uncorrelated stimuli
lacked an unambiguous depth percept. A similar task
was previously used by Julesz and Tyler (1976) and
Tyler and Julesz (1978).
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temporally uncorrelated RPAs. This ‘noise pattern’ was
added to a ‘signal pattern’ on a pixel-by-pixel basis. The
noise was refreshed each time the moving RPA was
displaced. Although both the signal pattern and the
noise pattern were binary, the resulting pattern, con-
sisting of two superimposed binary patterns, contained 4
luminance levels around the average level. The contrast
of the stimulus was therefore expressed as a rms (root-
mean-square) contrast: C ¼ pC2s þ C2n, where Cs and Cn
were the contrast levels for signal and noise patterns.
The LSNR equals C2s =C
2
n. C is kept constant, at 0.7
(70%), whereas the LSNR-value is manipulated to
measure a correlation threshold. We used a Quest
staircase procedure (Watson & Pelli, 1983) to ﬁnd
threshold LSNR-values. Advantages over sparse ran-
dom dot stimuli with spatially separated noise have
previously been discussed by e.g. Fredericksen, Ver-
straten, and van de Grind (1993). All staircases con-
sisted of 50 trials in which the threshold LSNR-value, at
85% correct answers, was determined. Low LSNR
thresholds correspond to high noise tolerance, and thus
to high sensitivity. Presentations lasted 1 s. with a 0.1 s
interval between the ﬁrst and second presentation in a
single trial. The observer started a trial with a key-press,
after which the two stimulus alternatives were shown in
random order. After choosing the target presentation a
second key-press started the next trial. Observers com-
pleted each staircase without interruption. All stimuli
were presented against a gray background of 20 cd/m2.
A small, binocular ﬁxation cross was displayed in be-
tween and during stimulus intervals. It greatly aided
proper fusion of the binocular images and reduced
exploratory vergence eye-movements. In a few cases (the
smallest square stimuli) the ﬁxation cross was sup-
pressed during trials because it covered a signiﬁcant part
of the aperture. In these cases the aperture itself proved
suﬃcient for proper, stable ﬁxation.
2.2. Observers
Four observers participated in all three experiments.
One subject (CM, 22 years of age) had several months of
task-speciﬁc experience. Two observers (TR, 28 years,
and JL, 23 years of age) had some experience with
similar tests, but the binocular correlation discrimina-
tion task was new to them. The fourth subject NB, 19
years of age had no experience at all at the start of the
measurements. All observers had normal or corrected to
normal vision and normal stereopsis. Except for CM
(one of the authors) they were naive as to the purpose of
the experiments. Stereopsis was tested using several
diﬀerent stimuli, including random dot stimuli. Acuity
was tested with a standard Freiburg acuity test. At the
start of the experiments the observers were trained to
identify supra-threshold examples of the stimuli cor-rectly. This took about 20 trials, depending on the ob-
server, and on the task. To practice, the observers
performed several diﬀerent test runs from all experi-
ments with feed-back on the correctness of their an-
swers. In the ﬁnal experiments no feedback was given. A
single repetition for the whole data-set was measured on
1 day, and each measurement was repeated three times,
on diﬀerent days.3. Results
3.1. Experiment 1: Inﬂuence of aperture size
We compared motion detection thresholds and bin-
ocular correlation thresholds, as a function of aperture
size. Square-shaped apertures were used ranging from
4 · 4 to 256 · 256 pixels (i.e., 5.8–192 arcmin width).
Motion detection thresholds and binocular correlation
thresholds were quantiﬁed by a LSNR threshold. Mo-
tion detection thresholds were determined in a temporal
2AFC experiment in which a moving pattern had to be
discriminated from dynamic noise. In the case of bin-
ocular correlation measurements, the task was to dis-
criminate between a binocularly correlated pattern and
an uncorrelated one. The masking noise in both tasks
consisted of binocularly uncorrelated patterns. Because
the same stimuli and noise masking paradigms were
used, spatial summation for motion thresholds and for
binocular correlation thresholds can be compared di-
rectly. Binocular correlation thresholds were measured
for both a stationary RPA, and for an RPA moving at
the same speed as in the motion task. In both presen-
tations of a trial the motion was in the same direction,
thus motion did not provide a possible clue to the cor-
rect answer.
At any size, and for all observers, motion detection
gave the lowest threshold values. As expected from
previous work, binocular correlation discrimination was
better for moving patterns than for stationary patterns.
Motion detection thresholds steadily decreased for
increasing stimulus width. The motion detection curves
have slopes of approximately )1 on double logarithmic
coordinates. This means that LSNR thresholds are in-
versely proportional to the square-root of the number of
pixels (aperture area). A similar relationship has been
found previously, and is in line with global probability
summation of local motion signals across the entire
stimulus area. For noisy local signals reliability for
motion detection grows with the square root of the
number of local signals.
Binocular correlation detection thresholds for sta-
tionary patterns at comparable widths were at least an
order of magnitude higher than motion thresholds. For
our most experienced observer (CM) this diﬀerence was
slightly less, indicating that extensive training may im-
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detection. The shape of the curves also diﬀered. For all
observers the improvement leveled oﬀ at large stimulus
widths. Binocular correlation thresholds for moving
patterns were lower than for static patterns, but re-
mained well above motion detection thresholds. The
curves show a similar ﬂattening for large stimulus sizes.
The diﬀerence in the shape of the curves shows that
spatial pooling was less eﬀective in stereopsis than in
motion detection.
3.2. Experiment 2: Aperture shape
Experiment 1 showed that motion detection gave
much lower thresholds than binocular correlation
detection. Moreover, spatial pooling was more eﬃcient
for motion than for binocular correlation. To compare
the eﬀect of motion on binocular correlation to that of
binocular correlation on motion detection, we need
stimuli that give equal thresholds for motion and bin-
ocular correlation detection. Clearly, manipulation of
stimulus area does not suﬃce. At any size of the stim-
ulus area masking noise had a much stronger eﬀect on
binocular correlation. Experiment 2 was designed to ﬁnd
a stimulus conﬁguration that balances sensitivity to
motion and to binocular correlation for static patterns.
To this end we used the ﬁnding by van Doorn and
Koenderink (1984) that motion detection is strongly
inﬂuenced by motion path length. Reducing stimulus






















Fig. 1. Motion detection thresholds (open circles) compared to binocular co
patterns (open diamonds). Data for diﬀerent observers are shown in diﬀerent
in arcmin. Each data point represents the averaged LSNR threshold for a min
mean. Low LSNR thresholds correspond to high sensitivity.than in the orthogonal direction. Binocular correlation
does not display such an orientation dependency, at
least not at zero disparity. Varying the width–height
ratio thus allowed us to match sensitivities, as shown in
Fig. 2.
We used a rectangular stimulus of variable width–
height ratio, while keeping the surface area constant. We
will call the ratio of vertical height H to horizontal width
W the elongation factor E. Based on the results of Fig. 1
and a pilot experiment we varied H from 4–96 pixels
(3.8–92.2 arcmin) for a stimulus of 384 pixels (354 arc-
min2). The elongation factor ranged form E ¼ 4=96 to
E ¼ 96=4, in 8 steps. A square stimulus of equal area
was approximated by a rectangle of 19 · 20 pixels, which
contains 380 rather than 384 pixels. Based on pilot
experiments we had no reason to assume that binocular
correlation detection would be strongly aﬀected by the
elongation factor, therefore we measured it for 5 of the
elongation values only.
Fig. 2 shows the thresholds as a function of elonga-
tion factor E. Corresponding aperture shapes are drawn
above the graphs, for 5 diﬀerent E values. Thresholds
for motion detection indeed increase with decreasing
aperture width. For narrow vertical bars, the eﬀect
bridges the factor of 10 diﬀerence in motion and bin-
ocular correlation thresholds. Binocular correlation
thresholds were not, or less, aﬀected by aperture shape.
For all observers, the rightmost point in the graphs
represents the situation where motion and static binoc-
ular correlation thresholds were about equal. (arcmin.)
1 10 100 1000
CM
NB
rrelation thresholds, for moving patterns (ﬁlled squares) and for static
panels. The abscissa represents the width of the square-shaped stimulus
imum of three repetitions, and the corresponding standard error of the
Fig. 2. Motion detection thresholds (open circles) and binocular cor-
relation detection thresholds (open squares) for 4 observers. The ab-
scissa represents the stimulus elongation factor (E)¼height/width.
Each data point represents the averaged LSNR threshold for a mini-
mum of 3 repetitions, and the corresponding standard error of the
mean. Cartoons depicted above the graphs are representations of ﬁve
of the nine stimuli used in the experiment.









NB TR CM JL
Motion detection
Fig. 3. Interactions between motion and binocular correlation detec-
tion. The shape of the aperture was chosen to give equal motion and
binocular correlation thresholds, based on the results shown in Fig. 2.
The left-hand panel compares motion detection thresholds for binoc-
ular patterns that were either correlated (ﬁlled symbols), or uncorre-
lated (open symbols). The right-hand panel compares binocular
correlation detection thresholds for static (ﬁlled symbols) and moving
patterns (open symbols). Error bars represent standard errors of the
mean.
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We used the stimulus parameters for the balanced
case identiﬁed in the previous experiment to quantify
mutual inﬂuences between motion and binocular cor-
relation detection. Now that motion signal strength
matches the binocular correlation signal strength, one
can quantitatively compare the eﬀect of motion on
binocular correlation and vice versa. It is well-estab-
lished that motion facilitates binocular correlation. The
question however was whether under such balanced
conditions binocular correlation aﬀects motion detec-
tion. To answer this question we measured motion
detection thresholds for stimuli that were either binoc-
ularly correlated, or uncorrelated. Binocular correlation
itself does not provide a clue to the correct answers, but
may facilitate the motion detection process. For reasons
of comparison we also measured the eﬀect of motion on
binocular correlation for exactly the same stimuli. In
this case the task was to discriminate a correlated
stimulus from an uncorrelated one, with or without
movement of the patterns. Fig. 3 shows the results for
these diﬀerent stimulus conﬁgurations.
The left-hand panel shows LSNR thresholds for
motion detection. Filled symbols are for binocularly
uncorrelated patterns, open symbols for correlated
patterns. The data show no sign of facilitation by bin-ocular correlation. To the contrary, correlation seems to
slightly increase motion detection thresholds. Although
the eﬀect is not in all cases signiﬁcant, all observers show
this, counter-intuitive, trend.
The right-hand panel shows data for binocular cor-
relation detection. The eﬀect of motion on binocular
correlation detection turns out as might be expected.
Motion substantially improves binocular correlation
detection compared to static stimuli. We repeated the
same experiments for two other elongation factors. The
data (not shown) corroborate the ﬁndings in Fig. 3.
Motion always improved binocular correlation, but not
vice versa.4. Discussion
In this study we used identical stimuli and measure-
ment procedures to compare binocular correlation
detection and motion coherence detection. In both cases
we used RPAs as signal to which we added a spatio-
temporally, and binocularly incoherent RPA as noise.
The noise disrupts motion coherence and binocular
correlation in similar ways. Rather than manipulating
some critical parameter of either the motion stimulus or
the binocular stimulus, the procedure directly varies the
information content by means of the signal to noise
ratio, without varying the stimulus parameters of
interest. Mean contrast, temporal and spatial parame-
ters such as speed, direction, and binocular disparity all
remained constant and were well above threshold. This
allowed us to directly compare motion coherence
detection thresholds and binocular correlation thresh-
olds. The stimulus parameters were chosen to be near-
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near the optimal velocity and binocular correlation at
zero disparity (Cormack, Stevenson, & Schor, 1993;
Stevenson, Cormack, Schor, & Tyler, 1992). We used
horizontal motion, to take a possible orientation eﬀect
(Morgan & Tyler, 1995; Qian & Andersen, 1997) into
account. Because it is well-known that binocular corre-
lation improves for moving stimuli we also performed
the same binocular correlation task for moving RPAs.
The result (Fig. 1) showed that, for a wide range of
stimulus sizes, the visual system was much more sensi-
tivity to motion coherence than to binocular correlation.
Clearly, spatio-temporal correlation in one eye for
moving patterns is much more eﬃcient than correlation
of patterns from two eyes. This is an interesting ﬁnding
because it suggests that the visual system uses consid-
erably more resources for detecting motion than for
detecting binocular correlations. Both tasks require
similar mechanisms, i.e., correlating two streams of
information. An ideal observer would perform equally
well in the motion task as in the binocular correlation
task, if we assume that additional complication of a time
delay in the motion task is perfectly solved. Diﬀerences
in performance thus indicate more eﬃcient processing.
At ﬁrst thought this may seem to contradict earlier
ﬁndings of similar performance of human depth per-
ception based on motion parallax or on stereopsis
(Rogers & Graham, 1982; Rogers & Collett, 1989). It
should be noted though, that these tasks measure the
limits at a diﬀerent level. They measured accuracy in
depth, once correlation had been established. Correla-
tion itself was not the limiting factor in such a task.
Moreover, depth information based on motion parallax
requires detecting diﬀerences in the motion-ﬁeld, which
is a derivative of the motion information as measured in
our task.
From the results in Experiment 1 we concluded that
stimuli yielding diﬀerent correlation thresholds were not
suitable for investigating mutual interactions at the
correlation level. Adding noise would always disrupt the
binocular information well before motion coherence
thresholds were reached. Eﬀects of motion on binocular
correlation detection could easily be corroborated, as
demonstrated in Fig. 1, but the other way around would
be highly unlikely. To solve this problem we manipu-
lated the width of the stimulus to favor binocular cor-
relation detection over motion detection. Motion
detection is particularly sensitive to the path-length of
pattern elements in the aperture. In other words, inte-
gration of motion information in the direction of mo-
tion is much more eﬃcient than in the direction
orthogonal to the motion (Gorea, 1985; van Doorn &
Koenderink, 1984). Fig. 2 illustrates that binocular
correlation did not show such an aperture orientation
eﬀect, at least not for correlation in the plane of ﬁxation.
For all observers we used a width–height ratio of 1:16 toperform the ﬁnal experiment in which we investigated
the eﬀect of binocular correlation on motion detection.
The results in Figs. 2 and 3 show that this choice
equalizes motion detection thresholds and binocular
correlation thresholds at a signal-to-noise ratio of about
1, which is a factor of about 100 above the lowest mo-
tion thresholds that can be measured. Both motion
coherence detection and binocular correlation are
therefore critically diﬃcult and required similar signal to
noise ratio’s.
One of the anonymous reviewers correctly pointed
out that the observed diﬀerences might be partly due to
temporal separability of signal and noise in the case of a
motion detection task. A moving RPA has a diﬀerent
spatio-temporal energy spectrum than a dynamic noise
pattern. Detection might thus be based on non-direc-
tional mechanisms sensitive to lower temporal frequen-
cies at larger spatial scales. Such a mis-match between
spatio-temporal properties of signal and noise exists in
the motion detection task, but not in the binocular
correlation task. There are, however, several reasons
why we believe such a potential spatio-temporal sepa-
rability of noise and stimuli did not aﬀect our conclu-
sion. Most importantly, in the ﬁnal, critical, experiments
with balanced strength for motion and binocular cor-
relation signals, the patterns moved horizontally in
vertical strips of 4 pixels only. A quarter of the pixels is
therefore updated on every frame, minimizing the eﬀect
of spatio-temporal correlations at larger scales. Thus, in
the critical experiment pixels did not ‘live’ for a full
second, but maximally three frames, which nearly
abolishes the diﬀerences in spatio-temporal spectrum
between signal and noise. Secondly, in the ﬁnal, critical
experiment in which we compare motion detection for
correlated and uncorrelated stimuli, the diﬀerence no
longer plays a role. In both cases the patterns move and
therefore have similar temporal properties. The corre-
lated and uncorrelated motion tasks would have been
equally aﬀected. Moreover, if temporal diﬀerences
would have played a role in the ﬁrst set of experiments,
the eﬀect would have been an over-estimation of motion
sensitivity. This would have led to a relative under-
estimation of motion signal strength compared to bin-
ocular correlation strength, in the balanced condition.
In other words, temporal segregation for motion would
favor an eﬀect of binocular correlation on motion
detection, rather than conceal such an eﬀect. It would
make our conclusion stronger rather than weaker. This
follows, because we would then still see a strong eﬀect of
this weak motion stimulus on binocular correlation, but
not vice versa.
The ﬁnal experiments show that binocular correlation
did not improve motion coherence detection. This ex-
tends the ﬁndings by Hibbard and Bradshaw (1999) and
Hibbard et al. (1999), who studied the eﬀect of disparity
diﬀerences on motion detection. In their stimuli, the
1968 C. Muller et al. / Vision Research 44 (2004) 1961–1969patterns were always binocularly perfectly correlated,
only motion coherence and disparity distribution was
varied. Diﬀerences were only expected if binocular mo-
tion detectors were disparity tuned. The fact that no clear
disparity tuning was observed, however, does not pre-
clude a contribution from binocular motion detectors to
motion coherence detection. In contrast to Hibbard and
Bradshaw (1999) and Hibbard et al. (1999) we varied the
strength of binocular correlation to speciﬁcally study the
contribution of binocular correlation detection on mo-
tion direction discrimination. We conclude that a pre-
sumable binocular motion system does not contribute
signiﬁcantly to motion direction discrimination in a
fronto-parallel plane. Under similar conditions coherent
motion clearly improved binocular correlation detection,
even in the absence of motion contrast. Thus, interac-
tions between motion coherence and binocular correla-
tion detection are strongly asymmetrical; fonto-parallel
motion is primarily detected monocularly and this
information can then be used to facilitate binocular
correlation, but not the other way around.References
Anstis, S. M., & Harris, J. P. (1974). Movement after eﬀects contingent
on binocular disparity. Perception, 3, 152–168.
Anzai, A., Ohzawa, I., & Freeman, R. D. (2001). Joint-encoding of
motion and depth by visual cortical neurons: Neural basis of the
Pulfrich eﬀect. Nature Neuroscience, 4(5), 513–518.
Bradley, D. C., Qian, N., & Andersen, R. A. (1995). Integration of
motion and stereopsis in middle temporal cortical area of
macaques. Nature, 373(6515), 609–611.
Bradshaw, M. F., & Cumming, B. G. (1997). The direction of retinal
motion facilitates binocular stereopsis. Proceedings of the Royal
Society of London Series B-Biological Sciences, 264(1387), 1421–
1427.
Bradshaw, M. F., Parton, A. D., & Glennerster, A. (2000). The task-
dependent use of binocular disparity and motion parallax infor-
mation. Vision Research, 40(27), 3725–3734.
Bradshaw, M. F., & Rogers, B. J. (1996). The interaction of binocular
disparity and motion parallax in the computation of depth. Vision
Research, 36(21), 3457–3468.
Carney, T. (1997). Evidence for an early motion system which
integrates information from the two eyes. Vision Research,
37(17), 2361–2368.
Carney, T., Paradiso, M. A., & Freeman, R. D. (1989). A physiological
correlate of the Pulfrich eﬀect in cortical neurons of the cat. Vision
Research, 29(2), 155–165.
Cormack, L. K., Stevenson, S. B., & Schor, C. M. (1993). Disparity-
tuned channels of the human visual system. Visual Neuroscience,
10(4), 585–596.
Cornilleau-Peres, V., & Droulez, J. (1993). Stereo-motion cooperation
and the use of motion disparity in the visual perception of 3-D
structure. Perception & Psychophysics, 54(2), 223–239.
Cumming, B. G., & DeAngelis, G. C. (2001). The physiology of
stereopsis. Annual Review of Neuroscience, 24, 203–238.
Cumming, B. G., & Parker, A. J. (1994). Binocular mechanisms for
detecting motion-in-depth. Vision Research, 34(4), 483–495.
DeAngelis, G. C., Cumming, B. G., & Newsome, W. T. (1998).
Cortical area MT and the perception of stereoscopic depth. Nature,
394(6694), 677–680.DeAngelis, G. C., & Newsome, W. T. (1999). Organization of
disparity-selective neurons in macaque area MT. Journal of
Neuroscience, 19(4), 1398–1415.
Fredericksen, R. E., Verstraten, F. A., & van de Grind, W. A. (1993).
Spatio-temporal characteristics of human motion perception.
Vision Research, 33(9), 1193–1205.
Gorea, A. (1985). Spatial integration characteristics in motion detec-
tion and direction identiﬁcation. Spatial Vision, 1(2), 85–102.
Hibbard, P. B., & Bradshaw, M. F. (1999). Does binocular disparity
facilitate the detection of transparent motion? Perception, 28(2),
183–191.
Hibbard, P. B., & Bradshaw, M. F. (2002). Isotropic integration of
binocular disparity and relative motion in the perception of three-
dimensional shape. Spatial Vision, 15(2), 205–217.
Hibbard, P. B., Bradshaw, M. F., & DeBruyn, B. (1999). Global
motion processing is not tuned for binocular disparity. Vision
Research, 39(5), 961–974.
Johnston, E. B., Cumming, B. G., & Landy, M. S. (1994). Integration
of stereopsis and motion shape cues. Vision Research, 34(17), 2259–
2275.
Julesz, B. (1960). Binocular depth perception of computer generated
patterns. Bell System Technical Journal, 39, 1125–1162.
Julesz, B. (1964). Binocular depth perception without familiarity cues.
Science, 145, 356–362.
Julesz, B., & Tyler, C. W. (1976). Neurontropy, an entropy-like
measure of neural correlation, in binocualr fusion and rivalry.
Biological Cybernetics, 23, 25–32.
Landy, M. S., Maloney, L. T., Johnston, E. B., & Young, M. (1995).
Measurement and modeling of depth cue combination: In defense
of weak fusion. Vision Research, 35(3), 389–412.
Lankheet, M. J., & Palmen, M. (1998). Stereoscopic segregation of
transparent surfaces and the eﬀect of motion contrast. Vision
Research, 38(5), 659–668.
Maunsell, J. H., & Van Essen, D. C. (1983a). Functional properties of
neurons in middle temporal visual area of the macaque monkey. I.
Selectivity for stimulus direction, speed, and orientation. Journal of
Neurophysiology, 49(5), 1127–1147.
Maunsell, J. H., & Van Essen, D. C. (1983b). Functional properties of
neurons in middle temporal visual area of the macaque monkey. II.
Binocular interactions and sensitivity to binocular disparity.
Journal of Neurophysiology, 49(5), 1148–1167.
Morgan, M. J., & Tyler, C. W. (1995). Mechanisms for dynamic
stereomotion respond selectively to horizontal velocity compo-
nents. Proceedings of the Royal Society of London Series B-
Biological Sciences, 262(1365), 371–376.
Nawrot, M., & Blake, R. (1989). Neural integration of information
specifying structure from stereopsis and motion. Science,
244(4905), 716–718.
Nawrot, M., & Blake, R. (1991a). The interplay between stereopsis and
structure from motion. Perception & Psychophysics, 49(3), 230–244.
Nawrot, M., & Blake, R. (1991b). A neural network model of kinetic
depth. Visual Neuroscience, 6(3), 219–227.
Patterson, R. (1999). Stereoscopic (cyclopean) motion sensing. Vision
Research, 39(20), 3329–3345.
Qian, N., & Andersen, R. A. (1997). A physiological model for
motion-stereo integration and a uniﬁed explanation of Pulfrich-like
phenomena. Vision Research, 37(12), 1683–1698.
Regan, D. (1993). Binocular correlates of the direction of motion in
depth. Vision Research, 33(16), 2359–2360.
Regan, D., & Beverley, K. I. (1979). Binocular and monocular stimuli
for motion in depth: Changing-disparity and changing-size feed the
same motion-in-depth stage. Vision Research, 19(12), 1331–1342.
Richards, W. (1985). Structure from stereo and motion. Journal of the
Optical Society of America A, 2(2), 343–349.
Rogers, B., & Graham, M. (1982). Similarities between motion
parallax and stereopsis in human depth perception. Vision
Research, 22(2), 261–270.
C. Muller et al. / Vision Research 44 (2004) 1961–1969 1969Rogers, B. J., & Collett, T. S. (1989). The appearance of surfaces
speciﬁed by motion parallax and binocular disparity. Quarterly
Journal of Experimental Psychology A, 41(4), 697–717.
Roy, J. P., Komatsu, H., & Wurtz, R. H. (1992). Disparity sensitivity
of neurons in monkey extrastriate area MST. Journal of Neurosci-
ence, 12(7), 2478–2492.
Snowden, R. J., & Rossiter, M. C. (1999). Stereoscopic depth cues can
segment motion information. Perception, 28(2), 193–201.
Stevenson, S. B., Cormack, L. K., Schor, C. M., & Tyler, C. W. (1992).
Disparity tuning in mechanisms of human stereopsis. Vision
Research, 32(9), 1685–1694.
Sumnall, J. H., & Harris, J. M. (2000). Binocular three-dimensional
motion detection: Contributions of lateral motion and stereomo-
tion. Journal of the Optical Society of America A-Optics Image
Science and Vision, 17(4), 687–696.
Tyler, C. W., & Julesz, B. (1978). Binocular cross-correlation in time
and space. Vision Research, 18, 101–105.
van Doorn, A. J., & Koenderink, J. J. (1982a). Spatial properties of the
visual detectability of moving spatial white noise. Experimental
Brain Research, 45(1–2), 189–195.
van Doorn, A. J., & Koenderink, J. J. (1982b). Temporal properties of
the visual detectability of moving spatial white noise. Experimental
Brain Research, 45(1-2), 179–188.van Doorn, A. J., & Koenderink, J. J. (1984). Spatiotemporal
integration in the detection of coherent motion. Vision Research,
24(1), 47–53.
van Ee, R. (2003). Correlation between stereoanomaly and perceived
depth when disparity and motion interact in binocular matching.
Perception, 32(1), 67–84.
van Ee, R., & Anderson, B. L. (2001). Motion direction, speed and
orientation in binocular matching. Nature, 410(6829), 690–694.
Verghese, P., Watamaniuk, S. N., McKee, S. P., & Grzywacz, N. M.
(1999). Local motion detectors cannot account for the detectabil-
ity of an extended trajectory in noise. Vision Research, 39(1), 19–
30.
Verstraten, F. A., Verlinde, R., Fredericksen, R. E., & van de Grind,
W. A. (1994). A transparent motion aftereﬀect contingent on
binocular disparity. Perception, 23(10), 1181–1188.
Vreven, D., & Verghese, P. (2002). Integration of speed signals in the
direction of motion. Perception & Psychophysics, 64(6), 996–1007.
Watamaniuk, S. N., McKee, S. P., & Grzywacz, N. M. (1995).
Detecting a trajectory embedded in random-direction motion
noise. Vision Research, 35(1), 65–77.
Watson, A. B., & Pelli, D. G. (1983). Quest: A Bayesian adap-
tive psychometric method. Perception & Psychophysics, 33, 113–
120.
